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Purpose: We have previously observed endothelium on two human vascular prostheses 
explanted under optimal conditions for flow surface preservation. I  this study we sought 
to further verify the hypothesis that endothelialization can occur on clinical grafts and 
that it can be detected in specimens that have been promptly removed and properly 
preserved in a timely manner. 
Methods: We studied 29 aortic grafts. Of these, 11 Dacron bypass grafts were in a 
condition suitable for analysis with light microscopy and immunocytochemistry aining, 
and scanning and transmission electron microscopy. 
Results: Three grafts had endothelium beyond the palmus, identified by factor V I I I /  
vWF, Ulex europaeus agglutinin, and collagen IV positivity. Specimen A, a knitted 6-year 
implant, was preserved by embalming 3 hours after the patient's death and had a firmly 
attached outer capsule with fibroblasts, collagen, giant cells, and microvessels in the 
interstices. Specimen B, a woven 18-year implant, was retrieved at reoperation and 
immediately fixed in 10% formalin; it had no outer capsule and no tissue ingrowth. 
Specimen C, a woven 7-year implant, was removed and fixed 5 hours after the patient's 
death; it had a firmly attached outer capsule but no tissue ingrowth beyond the outer 
portion of the wall. 
Conclusions: The rapidity with which the specimens were fixed probably enabled identi- 
fication of endothelium. These findings suggest hat endothelialization f synthetic 
arterial grafts may occur more frequently in human beings than previously recognized. 
(J Vasc Surg 1997;25:736-42.) 
Many articles have described rapid and complete 
endothelial coverage of  arterial prostheses implanted 
in animals; however, there are few reports of healing 
in human beings. In this report we present long-term 
observations of  Dacron clinical graft healing. 
METHODS 
From 1992 to 1995 we studied 68 human grafts 
sent to us in 10% formalin by surgeons from the 
United States and abroad. Of  29 aortic grafts, 11 
aortofemoral or aortoiliac Dacron bypass grafts were 
in a condition that was suitable for analysis, that is, 
the entire graft was intact and had been patent at 
removal. Each was evaluated for perigraft tissue pres- 
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ence and degree of attachment to the graft. The 
specimens were then opened longitudinally and 
gently flushed with Dulbecco's phosphate-buffered 
saline solution. Any apparent postmortem thrombus 
was removed, and the specimen was pinned flat for 
careful examination of the flow surface. Representa- 
tive tissue blocks were taken from the host aorta, 
anastomotic areas, and the middle of  the graft and 
were prepared for light and electron microscopic 
examination. For light microscopy (LM) they were 
embedded both in resin and paraffin, the former for 
hematoxylin and eosin (H&E) and the latter for 
Masson trichrome staining and the following immu- 
nocytochemical stains: (1) for identifying human en- 
dothelial cells, factor VIII antibody (DAKO, code 
no. M-606, Carpinteria, Calif.), and Ulex europaeus 
agglutinin (peroxidase-antiperoxidase) (V ctor Lab- 
oratories, Inc., Burlingame, Calif.); (2) for smooth 
muscle cells, c~-actin (DAKO, code no. M-851); (3) 
for endothelial nd smooth muscle cells, collagen IV 
(DAKO, code no. M-85); (4) for identifying human 
macrophages, Ham 56 (DAKO, code no. M-632). 
The blocks for electron microscopy were prepared in 
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Table  I. Results o f  light microscopy with histochemical and immunohistochemical  staining o f  
midgraft areas 
Specimen A* Specimen Bt Specimen C4: 
Flow Surface 
Endothelium 
Smooth muscle cells 
Matrix and other cells 
Graft wall 
Outer capsule 
Single layer; Factor VIII/vWF, 
Ulex, and Collagen IV 
positive (Fig. 1 F, D, C, 1) 
Positive a-actin staining beneath 
endothelium (Fig. 1 E) 
Collagen matrix with 
macrophages confirmed by 
Ham 56 within the intima 
(Fig. 1 H, I) 
Full-wall tissue presence. 
Microvessels from other 
capsule xtending into 
outside of graft wall 
Connective tissue with 
microvessels xtending into 
outside of graft wall 
Single layer; Factor VIII/vWF, 
Ulex, and Collagen IV positive 
(Fig. 2 C, D, E, H) 
None 
Collagen matrix with 
macrophages confirmed by 
Ham 56 and other DTpes of 
white cells beneath 
endothelium (Fig. 2 G, F) 
No tissue 
Some inflammatory cells, no 
outer capsule 
Single layer; Factor VIII/vWF, and 
Ulex positive (Fig. 3 B, C, D) 
None 
Macrophages confirmed by Ham 
56 and other qTpes of white cells 
beneath endothelium (Fig. 3 E) 
No tissue 
Connective tissue with microvessels 
and inflammatory cells 
*Right graft limb, 4 cm from aortic anastomosis (Fig. 1, A [1]); left limb 2.5 from aortic anastomosis (Fig. 1, A [2]). 
]'Right graft limb, 4 cm from distal anastomosis (Fig. 2, A). 
:[:Left graft limb, 5 cm from proximal anastomosis (Fig. 3, A). 
the customary manner,  which has been described 
previously? 
Of  the 11 grafts studied, the three that were 
found to have endothelialized flow surfaces are the 
focus o f  this report. 
Spec imen A. Specimen A was a bifurcated knit- 
ted Dacron graft used to repair an abdominal aneu- 
rysm. A 65-year-old insul in-dependent man under- 
went repair o f  a medium-sized abdominal aortic 
aneurysm. The debrided, viable outer wall was left in 
place and wrapped around a preclotted 14 x 7 mm 
graft, which was used to restore aor ta -common iliac 
artery continuity. The patient did well until 71 
months later, when he was hospitalized with severe 
gout  and became unconscious and apneic 24 hours 
later. Respiratory support was withdrawn after 7 days 
because o f  brain death; cardiac action stopped 10 
minutes later. Embalming perfusion was completed 
within 3 hours, and the graft was removed 39 hours 
later, immediately taken to our laboratory, and sub- 
merged in 10% formalin, 
Spec imen B. Specimen B was a bifurcated wo- 
ven Dacron graft used to repair an abdominal aneu- 
rysm. The patient was 60 years old when his aneu- 
rysm was repaired. He  did well for 18 years, and then 
returned with aortic and femoral pseudoaneurysms. 
The original bifurcated graft was retrieved during 
redo aortobifemoral bypass, immediately fixed in for- 
malin, and sent to our laboratory. 
Spec imen C. Specimen C was a segmental com- 
posite bifurcated woven Dacron graft used to repeat- 
edly repair abdominal aneurysms. The patient was 71 
years old. He  first underwent implantation of  a bifur- 
cated woven graft (aor ta -common iliac) for repair o f  
a ruptured abdominal aneurysm. Four years later he 
underwent further surgery for a ruptured right inter- 
nal iliac aneurysm, for which a bifurcated aortob- 
ifemoral bypass was performed using a 16 × 8 mm 
woven Dacron graft. This graft was anastomosed to 
the stem of  the original bifurcated graft. Three 
months later a juxtarenal aneurysm was detected 
proximal to the original bifurcated graft and a low- 
porosity, Dacron graft was implanted. The patient 
died 7 years later o f  unknown causes. The composite 
graft was removed and fixed in formalin 5 hours after 
the patient died. 
RESULTS 
Gross  f indings 
Spec imen A. The graft was 9 cm long. The 
outer capsule was about 1 mm thick and tightly 
adherent o the graft, which was flexible and com- 
pressible. The inner walls o f  the attached aorta and 
common iliac arteries were affected by severe, diffuse 
atherosclerosis. The suture lines of  the graft to the 
aorta appeared bare, with no visible pannus in- 
growth, but the sutures of  the graft l imb to the 
common iliac arteries were covered by thin pannus 
ingrowth that extended inward onto the graft surface 
for 5 mm on the right and 9 mm on the left. Ninety- 
six percent of  the flow surface o f  the graft was cov- 
ered by a very thin, white lining without thrombus;  
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Fig. 1. Specimen A. A, Gross specimen; circles 1 and  2 indicate midgraft areas selected for 
studies to identify endothelium. B, SEM shows fibrinous framework on area without endothe- 
lium (x95). C, LM shows positive Ulex europaeus agglutinin stain (X254). D, LM shows 
positive factor VIII/vWF stain (×358). E, LM shows positive smooth muscle ~-actin stain 
( x 300). F, LM shows endothelial-like c lls on flow surface, as identified by H&E stain (x 360). 
G, LM shows no pannus ingrowth from proximal anastomosis (× 320). H, LM shows collagen 
matrix in intima, as identified by trichrome stain (×345). I, LM shows positive Ham 56 
immunocytochemical st in for macrophages in intima (× 345). J, LM shows positive collagen 
IV stain for endothelial cells (× 320). K, TEM shows endothelial-like c lls (×2340). L, SEM 
shows endothelial-like c lls ( × 330). M, LM shows pannus ingrowth from distal anastomosis, as 
identified by H&E stain (× 395). 
the remaining 4% had a few scattered spots of thin 
thrombus. 
Specimen B. The bifurcated woven Dacron 
graft had no host artery attached. The stem was 6 cm 
long, and each limb was 17 cm. There was no visible 
pannus ingrowth and no outer capsule. Eighty-five 
percent of the flow surface was covered by a thin, 
white fibrinous deposition, with thrombus on the 
rest of the flow surface. 
Specimen C. A bifurcated woven Dacron graft 
with a 10-cm stem had a 17-cm fight limb and a 
16-cm left limb. There was an 8 × 7 x 7 cm false 
aneurysm that involved the proximal anastomosis 
and another, measuring 7 × 6 x 6 cm, that involved 
the fight femoral anastomosis. The inner wall of  the 
attached aorta was severely atherosclerofic. The flow 
surface of the stem was almost completely covered 
with postmortem thrombus, and the flow surfaces of 
both limbs were covered with a thin, fibrinous depo- 
sition and strips of thrombus. Both distal anastomo- 
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Fig. 2. Specimen B. A, Gross specimen; circles indicate midgraft areas selected for studies to 
identify endothelium. B, LM of area on left limb that did not have endothelium, as indicated by 
H&E stain (x460). C, LM shows endothelial-like cells on flow surface of right graft limb, as 
indicated by H&E stain (x 300). D, LM shows endothelial cells on flow surface of right graft 
limb, as indicated by positive factor VI I I /vWF stain (x430). E, LM shows positive Ulex 
europaeus agglutinin stain (x450). F, LM shows positive Ham 56 stain for macrophages 
(× 560). G, LM shows collagen matrix in intima, as identified by trichrome stain (x480). H, 
LM shows positive collagen IV stain for endothelial cells ( x 380). I, SEM shows endothelial-like 
cells (x 3200). J, TEM shows endothelial-like cells (x 3200). 
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Fig. 3. Specimen C. A, Gross specimen; circle indicates midgraft area selected for studies to 
identify endothelium. B, LM shows endothelial-like cells on flow surface, as identified by H&E 
stain (x330). C, LM shows endothelial cells on flow surface, as indicated by positive factor 
VIII/vWF stain (X250). D, LM shows positive Ulex europaeus agglutinin stain (x320). E, 
LM shows positive Ham 56 immunocytochemical stain for macrophages (x450). 
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ses had a small amount of pannus ingrowth. The 
outer capsule was attached to the graft. 
Histologic findings 
The representative samplings of flow surfaces 
without endothelium were unremarkable, consisting 
of fibrinous coagulum, macrophages, and white and 
red blood cells. 
Analysis of tissue taken from the middle of the 
grafts revealed that each specimen had a single layer 
of endothelium, identified by factor VI I I /vWF and 
Ulex europaeus agglutinin staining. A summary of 
the histologic analyses of these midgraft areas and 
illustrations of them are given in Table I and Figs. 1, 
2, and 3. 
For specimen A, the adjacent aorta and common 
iliac arteries were shown to be atherosclerotic by 
H&E staining. An endothelial lining could be iden- 
tified in the iliac arteries, with pannus extending 
across the distal anastomoses (Fig. 1, M). An endo- 
thelial ining could not be identified in the proximal 
aorta, and there was no pannus extension across the 
suture line (Fig. 1, G). No host artery was attached to 
specimen B. For specimen C, the adjacent aorta and 
femoral arteries had atherosclerotic tissue demon- 
strazed by H&E staining; there was no pannus in- 
growth over the proximal and distal anastomoses. 
Scanning electron microscopy (SEM) demon- 
strated cells with typical endothelial morphologic 
features for samples from specimens A and B (Fig. 1, 
L; Fig. 2 , / )  taken adjacent to the areas where endo- 
thelial-like cells were observed on H&E stained 
slides and adjacent o the areas where endothelial 
cells were confirmed by immunohistochemical st ins. 
In the areas of specimen A that did not have endo- 
thelial-like cells, the flow surface was formed of com- 
pacted fibrin (Fig. 1, B). Although Weibel-Palade 
bodies were not seen, cell junctions uggestive ofendo- 
thelium were observed on transmission electron mi- 
croscopy (TEM) for samples of specimens A and B 
(Fig. 1, K; Fig. 2,J) taken adjacent to the areas where 
endothelial-like c lls were seen either on H&E slides or 
on SEM, and adjacent to areas where endothelial cells 
were confirmed by immunohistochemical st ining. 
DISCUSSION 
Characterization f the arterial graft healing pro- 
cess in human beings is far from complete. Most 
grafts have been studied after fixation performed 24 
hours or more after the patient's death or after re- 
moval at surgery days to weeks after occlusion. In 
either case, preservation of any cells on the flow 
surface would have been poor to nonexistent. 
Several reports of Dacron grafts explanted from 
patients are available. Szilagyi et al.2 and Sottiurai et 
al.3 reported that none of the grafts they studied were 
endothelialized beyond the zone of pannus healing 
and that the luminal lining beyond that point was 
composed of thrombus or noncellular proteinaceous 
material. In 1975, we described multiple patches of 
endothelial-like cells, as delineated by silver nitrate 
staining, covering 32% of the flow surface of a knitted 
Dacron external velour axillofemoral graft implanted 
for 20 months in a 75-year-old man. 4 This graft was 
removed in the operating room and stained with 
silver nitrate within 10 minutes. More recently, we 
reported immunohistochemical evidence (factor 
VI I I /vWF and Ulex) of endothelium on the flow 
surface of a woven Dacron axillofemoral graft im- 
planted for 2 years, which was fixed in 10% formalin a 
few minutes after removal and sent to us for study, s 
We attribute our ability to demonstrate endothe- 
lium on Dacron arterial graft flow surfaces at points 
far beyond the zone of possible pannus ingrowth to 
early fixation with less interference from postmortem 
intraluminal clot formation and lysis. Of the 11 
grafts, the three that had endothelium had been fixed 
within 5 hours after cessation of blood flow through 
them. We do not know the length of time before 
fixation for the other eight, but we suspect hat it 
may have been considerably onger because all but 
one were removed at autopsy (one was replaced be- 
cause of infection). Because the special circumstances 
that allow early preservation are rare, endothelializa- 
tion of synthetic arterial grafts in human beings may 
occur much more commonly than has been previ- 
ously recognized. 
One of the three specimens had microvessel in- 
growth into the interstices of the outer wall of the 
graft; this may suggest hat the residual wall, with 
open branches of the lumbar arteries, provided an 
endothelial source. However, the other two woven 
Dacron grafts implanted for 7 and 18 years had 
flow-surface endothelial cells despite a lack of 
transinterstitial tissue ingrowth. Healing of vascular 
grafts involves events that appear to occur at two 
sites. The external surface generates a foreign body 
reaction that facilitates tissue incorporation, 6 
whereas blood-borne lements may react to the lu- 
minal surface. Mfiller and Dasback 7 reported that the 
incorporation of vascular material follows a chrono- 
logic pattern and can be subdivided into early, orga- 
nization, and late (scarring) phases for human graft 
specimens. In the late phase, sporadic transprosthetic 
capillarization can be seen 7 and could lead to the 
development of an endothelial lining. Our findings 
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previously 5and in this study have shown flow surface 
endothelialization without transmural ingrowth. 
These observations suggest that endothelial cells 
might arise from cells in the blood stream. We be- 
lieve that both mechanisms can play a role in healing 
the flow surface of vascular prostheses. 
Several papers have reported endothelialization 
by cells from the blood stream in dogs. s 10 The 
monolayer of endothelial cells reported in this study 
and the macrophages and neutrophils beneath it 
comprise a flow-surface structure and healing charac- 
teristics similar to fallout endothelialization on arte- 
rial grafts implanted in dogs. Greisler 11 hypothesized 
that macrophages may have two roles in the process 
of graft healing: (1) interaction with biomaterials 
could activate macrophages, with a release of bioac- 
five factors that both stimulate and inhibit migration 
and proliferation ofmyofibroblasts and smooth mus- 
cle and endothelial cells; and (2) interaction with 
lipoproteins could alter macrophage physiologic 
events, which in turn would modify growth factor 
release after exposure to biomaterials. 
This study has demonstrated that neoendotheli- 
alization can take place on a synthetic arterial pros- 
thesis implanted in a human being and that endothe- 
lialization of synthetic arterial grafts may occur more 
frequently in human beings than previously recog- 
nized. 
We thank Dorothy Mungin, HT  (ASCP); David Criss, 
medical photographer; Mary Ann Sedgwick Harvey, med- 
ical editor; and Mary Ann Nelson, medical illustrator, for 
their contributions to this manuscript. 
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